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Mysteries in our universe

The standard model achieved a big success.
But, it might be extended to explain mysteries in our universe. ..

* Neutrino mass

* [nflation

« Baryon asymmetry
« Dark matter

* |ceCube??

We try to explain all of them!
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lceCube experiment

lceCube is located at the south pole. Its volume is around 1km3,

IceCube Lab

50 meters G o

IceCube Array

86 strings, 60 sensors each

5,160 optical sensors
; l/ [ http://www.icecube.umd.edu/~goodman/IceCube.htm ]

DeepCore
6 strings optimized
for low energies

1,450 meters|——

Eiffel Tower

324 meters
2,450 meters

2,820 meters

[http://newscenter.Ibl.gov/2010/12/17/completing-icecube/]
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lceCube experiment

lceCube is located at the south pole. Its volume is around 1km3,

IceCube Lab

50 meters

IceCube Array
86 strings, 60 sensors each
5,160 optical sensors

DeepCore [ http://www.icecube.umd.edu/~goodman/lceCube.htm ]
6 strings optimized
for low energies

1,450 meters

Eiffel Tower

324 meters & iWiIIis Tower (527.3m)
\

2,450 meters
2,820 meters

Statue of Liberty (93m)

[http://newscenter.Ibl.gov/2010/12/17/completing-icecube/]
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Detection principle

Incoming neutrino hits material by Neutral Current / Charged Current interaction.

Electron -> electromagnetic shower
[/ /e Muon -> track
1/ e e Tau -> shower (& track)

Neutrinos -> missing

N N

Hadronic shower

Electromagnetic / hadronic shower creates a lot of energetic particles.
Energetic charged particles emit Cherenkov light.
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3 years observation

5.7 sigma deviation from Atmospheric neutrino background!
Origin of high energy neutrino is extraterrestrial.

T T

2 : |@EEm Background Atmospheric Muon Flux

55 LT S mmm Bkg. Atmospheric Neutrinos (7/K)

Background Uncertainties

- Atmospheric Neutrinos (90% CL Prompt Limit)

i | = Signal+Bkg. Best-Fit Astrophysical E* Spectrum
: |e®e Data

10 Eoo o RN

100 ", 7 R I S i .....

Events per 988 Days
N
i

1 ) B J
10 7. 2 |
ok
oy
10° 10°

Deposited EM-Equivalent Energy in Detector (TeV)
[lceCube Collaboration, arXiv:1405.5303]

Darkmatter???

[6/31]



3 years observation

5.7 sigma deviation from Atmospheric neutrino background!
Origin of high energy neutrino is extraterrestrial.
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[lceCube Collaboration, arXiv:1405.5303]
Darkmatter???
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Outline

1. Model

* Yukawa couplings for right-handed neutrinos
* Neutrino masses

2. Inflation and reheating

 Inflation
* Non-thermal leptogenesis
« Non-thermal dark matter production

3. PeV neutrino from decaying dark matter

« High energy neutrino events at the lceCube experiment
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1. Model
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Our model

Standard model
+ 3 right-handed neutrinos w/ Majorana masses
+ U(1)B-L gauge symmetry & B-L Higgs boson

} A o\
L = Ly — (y,jJHN,EJ- + E¢5L /\/,-2 + h.C.) — K <]¢BL\2 _ B L)

We assume yii's are extremely small but non-zero.
« Suppressed by Z2 parity : (M1 — —N1)
<]l ¥1 K1
w=\ v v oy
A e e

« N1 can be a candidate of decaying darkmatter.
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Why small but non-zero y1i?

We assume that Z2 parity (N1 — —Ni1) is conserved classically,
but violated by some quantum effect.

1
e.g., we can write, O ~ m(ﬂlﬂg)(ﬁgﬁg)(ﬁgﬂl)efe§e§NfN§N§

c (such a operator may be generated by some non-perturbative effect.)

|
e

' Ye yr% ~ (very small number)

X (det ye)e’jkyf"yff

Normal hierarchy —  y2* oc Ugg

lyke? : [y ykT)? ~0.7:0.2:0.1

Inverted hierarchy —  y* o Uys

ke [y : lyAT? ~0.02:0.38: 0.6

22 —
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Neutrino masses

Neutrino mass is generated by seesaw mechanism.

RH neutrino sector in our model is essentially two RH neutrino model.
[ Frampton, Glashow, Yanagida (2002) ]

~0 ~0 ~0 M,
ve=\[ve" y* vy M = Mo
A A el By
L/
Neutrino mass matrix:
m .
my, = mo = Uy Mg, U)(H)? —— Rank 2 matrix

ms Lightest neutrino is massless.

(U : Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix )

Am3, ~75x107°eV?,  Am3 ~2.5x 1073 eV? [Particle Data Group |

a) Normal hierarchy m my =0eV, nmp,~0.0087eV, m3~0.048 eV

b) Inverted hierarchy ———> m ~0.048eV, m, ~0.049eV, m3=0eV

My <m,<m, [ 12 / 31 ]



2. Inflation and reheating
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Thermal history

 Inflation ( drived by B-L Higgs boson)

« Reheating ( B-L Higgs boson to RH neutrinos )

« Leptogenesis (decay of 2" lightest RH neutrino)
» Non-thermal Dark matter production (lighetst RH neutrino)

N3
N>

/\/1 —>  dark matter

= Leptogenesis and seesaw mechanism

—
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Inflation by B-L Higgs boson

_ ko 2 \2 1 |
V(¢) = z (¢ —va_,) (‘f’B-L = \ﬁ(‘f’*’c)) [ Okada, Shafi (2013) ]

We have two choices for initial condition.
» Hilltop-type « Chaotic-type

V(¢) V(¢)

¢

—VB_| VeB—1 ¢o
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Inflation with BICEP2

K 2
_ 2 2
V(g) = 2 (45 - VB—L)
0.5 : V ' 10
0.4 | ] Hilltop-type
[ Planck+WP+highL+BICEP2 ] ol < ve—1
N =50
®vg_ | = Mp =
®y _L:5M v
h Vz—L = 10“1\ 'C_D'
® v =50Mp §

.VB_[_ = 100MP| |

Hi ’&OD‘Wpe
£ VB-
0.94 0.96 0.98 1 1 10 100
ns
ve—1/Mp

[Higaki, Kitano, RS (2014)]
CMB observation suggests Mg ~ 107> GeV

Chaotic type initial condition with vz, / Mp, > 5 is consistent with BICEP2 data.
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Inflation without BICEP2

030f
025k

0.20F

0.15F

* YBR_L :l'lIINIp|
s VB_L :51]:\'11;4

YE—-L ZEDMIP'

YE—L =2ﬂ?\'1p|

. H’E_L=15:\'Tp|

YE-L =lﬂ:"~"1p|

Ayp€e e
F Hilop-tyPe - .
0.10 _ \(bo\ <L vB-kt o _.' . * Vp_L =5:'\-'1p|
0.05F 7 SN e vei=My
: .-"'- | 1
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093 094 095 096 097 098 099 100
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CMB observation suggests Mg ~ 10*° GeV

V(¢) =

(6% - Vé—L)z

-MZN

1014

Hilltop-type
ol < ve—1
N =50

1 10 100
ve—/Mpi
[Higaki, Kitano, RS (2014)]

Hilltop type initial condition with vg | / Mp= 15-30 is consistent with Planck data.
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Reheating and decay products

Mi;
Inflaton decays into RH neutrinos : ¢ — NN, g_ vg_ L@

« Number of ¢ per entropy at the time of reheating

Ng — p¢/m¢ — §E TR is reheating temperature,
S S 4 my which is determined from H(Tg) = [

H : Hubble expansion rate
'y . decay width of inflaton
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Reheating and decay products

Mi
Inflaton decays into RH neutrinos : ¢ — NN, g_ vg_ L@

« Number of ¢ per entropy at the time of reheating

Ng — p¢/m¢ — §E TR is reheating temperature,
S S 4 my which is determined from H(Tg) = [

H : Hubble expansion rate
@ I'¢ : decay width of inflaton

« Number density of decay products

37T
M _—R><2><Br(qb—>/\/1/V1)
S 4 my

3T
e _—R><2><Br(c,b—>N2/V2)
S 4m¢

l ! : H_B N NN, » I_(Nz —>£H) — I—(Nz —>£_HT) » _@
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Numerical results

Br(gp — NaNi) =~ M2/M3

We assume M; < My < my < M3 { Br(gp — Nolo) =~ 1

—

Mo Mg V2 (vg_ \
Tr~2x 10" GeV ( )
R X € (1012 GeV) 1013 GeV (5MP|
My ? M -1 my ~1/2 (vg_, -1
Qn. ~0.2 e
I M (4 PeV) (1012 GeV) (1013 GeV) 5Mp,

Mo 2 mg -2 (Ve \ 1 x 10-10 (Normal hierarchy)
.\ 1012 GeV (1013 GeV) 5Me ) | 2x 10712 (Inverted hierarchy)

(Upper bound on e depends on mass hierarchy)

ng

S

S —
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Numerical results

Br(gp — NaNi) =~ M2/M3

We assume M; < My < my < M3 { Br(¢ — NolNo) =~ 1

e

Mo My /2 (vg_ \
Tr~2x 10" GeV ( )
R X € (1012 GeV) 1013 GeV (5Mp|
My ? M -1 my ~1/2 (vg_, -1
Qpn, >~ 0.2 =
) M (4 PeV) (1012 GeV) (1013 GeV) 5Mp,

My \? mg N2 (ve 1 x 10-10 (Normal hierarchy)
e\ 1012 GeV (1013 Gev) 5Mp “1 2x 10712 (Inverted hierarchy)

(Upper bound on e depends on mass hierarchy)

neg

S
—

Mo

.| '
1012 GeV leptogenesis
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Numerical results

We assume M; < My < my < M3 {

S

neg

S

~ (
max

Mo

S —

1012 GeV

Br(gp — NaNi) =~ M2/M3
Br(¢ — NolNo) =~ 1

Tr~2x 107 GeV(

== QN1 202(

M- ( My )1/2 ve— ) !
1012 GeV 1013 GeV 5Mp|

3 M2 -1 ( Mg )_1/2 Ve—| -t
1012 GeV 1013 GeV 5Mp|

1012 GeV

1013 GeV

)2( mg )—1/2(VBL)_1 {1><1010 (Normal hierarchy)

5Mp, 2 % 1012 (Inverted hierarchy)
(Upper bound on e depends on mass hierarchy)

Dark matter

leptogenesis
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Numerical results

Br(gp — NaNi) =~ M2/M3

We assume M; < My < my < M3 { Br(¢ — NolNo) =~ 1

S

M. m 1/2 (vg_ \ L
N - 2 ¢ B-L
M, ? M- o Mg "2 (v -

My \? mg N2 (ve 1 x 10-10 (Normal hierarchy)
T \102 Gev (1013 GeV) 5Mp 2 x 1072 (Inverted hierarchy)

(Upper bound on e depends on mass hierarchy)

neg

S

Dark matter

leptogenesis

Our model is consistent with
PeV dark matter!

>

O(1) PeV My [23/31]




3. PeV neutrinos from dark matter
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Decay of dark matter

M
L 3 —yu,leNlﬁj — 71/\/12

e Lifetime

TN1~10295( M )(W)Q

10—29

« Decay modes and branching fractions
e*W¥F v.Z. 0.7 v.h, DU.h
wEWE v, Z, 0,7 wv,h byh

T*WF v, Z, 0.7 v.-h D-h

[25/31]



Decay of dark matter

My
L > — yu,leNlﬁj — 7/\/12
« Lifetime
Tn, ~ 10°° s M V2o il? -~
M 1 PeV 10-29

« Decay modes and branching fractions

etWT  v.Z, 0.7 Veh, Deh
wEW*F v, Z, 0,7 wv,h, bh
T*WF v, Z,0,Z wvrh, Urh

050 : 025 : 0.25
c.f.) goldstone boson equivalence theoreT 26 / 31 ]



Decay of dark matter

M
e Lifetime
29 Z |J/11|2
T, ~ 10 S(l PeV) ( 10-29
Normal Inverted
« Decay modes and branching fractions hierarchy hierarchy
etWT v.Z, 0.7 v.h, D.h 0.68 0.02
uEWT v,Z, v, Z v,h,0,h 0.24+0.02 cosd 0.38
T*WT uv.Z, 0.7 wv.h, U.h 0.08-0.02 cosd 0.60
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Neutrino energy flux at the decay time

Ve + Ve
Energy spectrum at the decay time -
Vy T+ Uy
Ve + Ur
Normal hierarchy Inverted hierarchy
0.001 ———— —————es 0.001
0.0001 | 0.0001 |
> > .
& 1e-05 | & 1e-05 |
l_IJ> lJ.I>
°  1e06 | 2 1e-06 |
g Z |
1e-07 | 1e-07
My, = 2.3 PeV My, = 2.3 PeV
1e-08 : : 1e-08 ' :
10000 100000 1e+06 10000 100000 1e+06
E, [GeV] E, [GeV]

[Higaki, Kitano, RS (2014)]
(simulated by PYTHIA 8.1)
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Calculation of number of events

* Neutrino flux at the earth

Number of neutrino
Number desity of DM per energy per time

/dQ/ (r. 6. qb) 1 ﬂ _|: Contribution from our galaxy

MN 'TN dE Extra galactic contribution

« Number of expected observed event at the lceCube

do
Nobs = 988days X /dE (O’eff(E) )

ceff IS effective area for neutrino energy E.

10()?.,...,,,,.....

Neutrino Effective Area [m” ]

10! 10° 10° 10*
Neutrino Energy [TeV]

[ lceCube collaboration arxiv:1311.5238 ]
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Number of events
My =4PeV, 7= 10%8 s

10 T T — T T T T T
4 PeV,1x 102285, Inverted hierarchy ——
4 PeV, 1x 10" s, Normal hierarchy .00
(2]
>
- e B
O --------
[e0]
° T e
m --------
5 L o O
a
w T ke
€
(]
>
w
04 Lo ol

30 100 300 1000 3000
Energy of incoming neutrino [TeV]

[Higaki, Kitano, RS (2014)]
N(1 PeV < E,)

TN,
3.0 x
(1.6 x 1028 s)
For Inverted hierarchy,

TN, TN,
< = —
N(1PeV < E,) = 56x (—3—) = 30x (1'9 T S)

For Normal hierarchy,

I
o1
()
X
AN
3
=
N——
I

PeV dark matter with its lifetime to be around 10?8 s
can explains the event excess at the lceCube experiment.
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Summary

We consider a simple extension of the SM:

« Three right-handed neutrinos (N;, N,, Nj)
« B-L gauge symmetry and B-L Higgs boson (¢g,)
« Approximate Z, parity for N,

Our model explains,

Driven by B-L Higgs boson
N, with M; ~ O(PeV)
Leptogenesis from N, decay
Seesaw from N, and N,
Decay of N,

* Inflation

» Dark matter

« Baryon asymmetry
* Neutrino mass

* |ceCube excess

RN
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A. Backup slides
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Flavor structure of y1i (Normal hierarchy)

 |barra-Casas parametrization )
) Yo = = MY2Rm}/2U!
my, = (UT T M~15,U)(H)? (H)
U : PMNS matrix ( 0 cosz sinz )
R = .
O —sinz cosz

z : a complex parameter

~

; vM
y2 = (H>2(\/m2U;"2cosz—\/m3U}“3sinZ),

: v M
v, = > (VUi sin z + /mi3 U cos z)

(H)
@ Flavor structure of y1k is

o determined by PMNS matrix
vl = ce’ ylly and mass hierarchy.

C\/M2M3m2m3
— X Ukl

(H)?

[ 34]



Flavor structure of y1i (Inverted hierarchy)

 |barra-Casas parametrization
% ! MY2Rmi/2Ut

~ YW= 77
my, = (UT T M~15,U)(H)? (H)
U : PMNS matrix R—( cosz sinz 0)

—sinz cosz O

Z . a complex parameter
: v M
y2 = (I_‘{;(\/mlu,?"1 cos z — v/moUj5 sin z),

: VM
y = > (/i Uisinz ++/myU;, cos z)

(H)
@ Flavor structure of y1k is

o determined by PMNS matrix
vl = ce’ ity and mass hierarchy.

C\/M2 M3m1 mo
= X Ugs

(H)?
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Upper bound on ¢

o [(N2 = eH) = T(N; = ZHY) 3 Im(y,y))3; Mo
TNy = LH) +T (N2 = ZHY) 167 (y,y))0 Ma

[ Covi, Roulet, Vissani (1996) |

* Normal hierarchy

3 Ma Im[m3 cos? z + m3 sin® 7] 3M,
€= — : —
16m v2 mp|cosz|? + ma|sin z|? el < 167 v2 (ms —mo)
 Inverted hierarchy
3 M, Im[m? cos? z + m3 sin® Z] 30,
€~ — _
16T v2 my|cosz|? 4+ ma|sin z|? €| < 167v2 (Mo — m)

[ Harigaya, Ibe, Yanagida (2012) ]

(z . a complex parameter)
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Decay time of N,

a:a¢

End of inflation

|
|
. I . . . .
N, dominant universe i Radiation dominant universe
|
|

>

¢—>N2N2 N2—>£H,"

For N, dominant era,

-2 —2
a anonrela/aqb ~ m¢/M2 -1 mqb
H = F¢ (%) > tnonrela ~ r‘»'b (E)

The time when N, becomes non-relativistic.

a) thonrela > |_2_1 . N, decays when N, is relativistic.

e T
S Mg
—1
b) thonrela < 57 : N, decays when N, is non-relativistic.
2
ny T2 T r2 m
=~ o~ —¢A A = I_27fnonrela — ——2<1
S Mo Mg [ M5

Everything is diluted by entropy production!
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Effect of neutrino oscillation

Energy spectrum at the decay time  (simulated by PYTHIA 8.1)

Normal hierarchy Inverted hierarchy

0.001

0.001
00001 ¢ 0.0001 | 4 e 4 e
[ .

) =>
8 te0st 3 teos|
o 2 L/ —|— 1%
gy w v v
° e-06 | Z te08}
Z> 2’
© o

1e-07 | 1e-07 |

Vr + Dr
1e-08 1e-08 .
10000 100000 1e+06 10000 100000 1e+06
E, [GeV] E, [GeV]
@ @ Plve = ) =

0.001 ; . 0.001

0.0001 | 0.0001
> =
&  te05 &  1e05
= =
3 5
2 qe06f 2 1e0s
> >
= =z
o o

1607 | 1e-07

1e-08 : ' 1e-08 . ‘

10000 100000 1e+06 10000 100000 1e+06
E, [GeV] E, [GeV]
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Neutrino energy flux at the Earth

dq)halo

dE, dE \ /

<€

Neutrino flux at the Earth =

Our galaxy

The earth
» Contribution from our galaxy

dq)halo _ Dhalo dNu 1 1 . 27 1 00
dEu dEu { Dhalo = E f dSIﬂQf 47TM1’T'N / dspha|0(r(5r6!¢)))
-1 0 1 J0

r(s,0,¢) = \/52 + RZ — 25R¢ cos 6 cos ¢

« Extra galactic contribution

dPey  QompeC /00 dz g 5 dN,
0

dE, _ 4nMity, Jo H(Z)© dE,

E=(14+2)E,
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Number of events

M; =4 PeV, T=10%°s

2 —g T T T ‘ -
10 priiie AR RN Ulmmm Bkg. Atmospheric Neutrinos (=/K) E 4 PeV, 1x10 265 Inverted h!eramhy !:!
: Background Uncertaintios 4 PeV, 1 x 107" s, Normal hierarchy 50050

T X
i (mEm Background Atmospheric Muon Flux 10 T T

- Atmospheric Neutrinos (90% CL Prompt Limit)
i | = Signal+Bkg. Best-Fit Astrophysical E* Spectrum

.........

i
Events per 988 Days

0
§ 10t L. A g s0e Dbata
w =
[oe]
o (-
@
2 10° 7,
4
c
(]
S
w

10"

10°

Deposited EM-Equivalent Energy in Detector (TeV)

For Normal hierarchy,

N(30 TeV < E,)) = 9.7 x (ls) — 20 x (

N(1 PeV < E,)

[ S—— ‘ """""
0.1 .

3 Lol L L L Sl L 1
10 30 100 300 1000 3000
Energy of incoming neutrino [TeV]

[arXiv : 1405.5303]

TN,
0.44 x 1028 s

—50><(T"’1 ) _ 30 x Ty
7 1028g/) 7 1.6 x 1028 s

PeV dark matter with its lifetime to be around 10°8 s
can explains the event excess at the lceCube experiment.
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Number of events

M; =4 PeV, T=10%°s

2 —g T T T ‘ -
10 priiie AR RN Ulmmm Bkg. Atmospheric Neutrinos (=/K) E 4 PeV, 1x10 265 Inverted h!eramhy !:!
: Background Uncertaintios 4 PeV, 1 x 107" s, Normal hierarchy 50050

T X
i (mEm Background Atmospheric Muon Flux 10 T T

- Atmospheric Neutrinos (90% CL Prompt Limit)
i | = Signal+Bkg. Best-Fit Astrophysical E* Spectrum

.........

i
Events per 988 Days

0
§ 10t L. A g s0e Dbata
w =
[oe]
o (-
@
2 10° 7,
4
c
(]
S
w

10"

10°

Deposited EM-Equivalent Energy in Detector (TeV)

For Inverted hierarchy,

[ S—— ‘ """""
0.1 .

3 Lol L L L Sl L 1
10 30 100 300 1000 3000
Energy of incoming neutrino [TeV]

[arXiv : 1405.5303]

10%8 s 0.56 x 1028 s

N(30 TeV < E,) = 12.4 x ( N, ) — 22 x T, )

N(1 PeV < E,)

—56><(TN1 ) — 3.0 x TN,
- 1028/ 7 1.9 x 1028 g

PeV dark matter with its lifetime to be around 10°8 s
can explains the event excess at the lceCube experiment.
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